Absfract -This paper presents a novel approach for wide range speed control of permanent magnet (PM) brushless motor drive, including both sinewan and squarewave versions. As compared with conventional f l u x -d m b g control, the approach takes definite advantages that it can be applied to the squarewave PM brushless motor drive directly, and even to the motor drive with negligible mutual induaances between phase windings. Monover, it is easier to implement than flux-weakening control because no coordinate transformation is needed. The key of this approach is to make use of the transformer EMF in such a way that it weakens the rotational EMF when the motor operates above the base speed, leading to achieve the constant power operation Computer simulation and experimental results show that the proposed approach works well.
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I. INTRODUCTION
With the advent of high energy permanent magnet (PM) materials, PM brushless motor drives are beaming more and more attractive for industrial applications and electric vehicles [1]- [3] .As compared with induction motor drives, they possess some distinct advantages such as higher power density, higher efficiency, and better controllability.
PM brushless motor drives have sinewave and squarewave versions. The sinewave PM brushless motor drive, so-called the PM synchronous motor drive, is fed by sinewave current and uses continuous rotor position feedback signals to control the commutation. On the other hand, the sqwmvave PM brushless motor drive, so-called the PM b d e s s DC motor drive, is fed by squarewave current and uses discrete rotor position feedback signals to control the. commutation. Since the interaction between squmwave current and squarewave magnetic field in the motor can produce a larger torque product than that produced by sinewave current and sinewave magnetic field, the PM brushless DC motor drive possesses higher power density than the PM synchronous motor drive [4] , [SI. In most applications, particularly for electric vehicles, wide range speed control of motor drives is necessary. As shown in Fig. 1 , when the motor k-peed is lower than the base speed, the motor drive is required to provide a constant output torque, so-called the constant torque operation. On the other hand, when the speed is higher than the base speed, the load torque decreases with the speed. Thus, instead of providing a constant output torque, the constant power operation is preferred because it can significantly reduce the cost and size of the motor drive. It is the purpose of this paper to present a novel wide range speed control approach which allows all PM brushless motor drives to achieve the constant paver operation when the motor speed is above the base speed Moreover, since conventional flux-weakening control can not readily be applied to the PM brushless DC motor drive and is even inapplicable to the phasedewupling motor drive, the presentation of the proposed approach is focused on a phase-decoupling PM brushless DC motor drive.
In Section 11, the principle of operation of the proposed approach to the phase-deaupling PM brushless DC motor drive is described. The corresponding mathematical model is derived in Section III. Section IV is then devoted to describe the control system of the motor drive. Finally, computer simulation and experimental results are given in Section v. The basic concept of conventional flux-weakening control is to employ the field component of stator current to weaken the airgap field produced by magnets. Thus, the rotational EMF can be &ectively reduced by making use of the mutual inductances between phase. windings. However, because of phasedecoupling, it is impossible to apply this approach to this motor. Fig. 3 illustrates the per-phase equivalent circuit diagram of the motor drive. During the constant torque operation, typical circuit waveforms are shown in Fig. 4 . It can be found that the rotational EMF is generally lower than the applied voltage, and is in phase with the conduction period of TI. When the motor speed is above the base speed, the rotational EMF becomes close to the applied voltage, resulting dramatic reduction in phase current and electromagnetic torque. In order to weaken the rotational EMF in the absence of mutual inductances, the transformer EMF is purposely employed to oppose the rotational EMF during the constant power operation. As shown in Fig. 5 , the conduction period of TI lads the rotational EMF by a spatial angle, so-caIled the advanced conduction angle e,, when the motor speed is above the base speed.
Winding of Starting from the --on of TI, the first half cycle is divided into nine intervals as illustrated in Fig. 5 . The operating principle is described in accordance with these intervals. In the interval 1-2, the negative rotational EMF acts to strengthen the applied voltage so that the phase current increases rapidly. In the interval 2-3, both the applied voltage and rotational EMF are positive. Since the applied voltage is still larger than the rotational EMF, the phase current increases gradually. Therefore, in both intervals, the transformer EMF is positive which indicates that energy is stored in the phase winding. On the other hand, in the intervals 3-4 and 4-5, the rotational EMF is greater than the applied voltage. Thus, the phase winding begins to release energy, and the phase current decreases gradually. Since the corresponding transformer EMF is negative, it acts to assist the applied voltage to counteract the rotational EMF. This phenomenon is the key point of this approach which is purposely employed to achieve the constant power operation. After TI is turned off, the phase current flows through D2 in the interval 5-6. Since both the applied voltage and transformer EMF are negative, the phase current drops rapidly to zero. Then, in the intervals 6-7 and 7-8, the rotational EMF is larger than the applied voltage so that the phase current begins to flow negatively through DI. When the rotational EMF becomes smaller than the applied voltage in the interval 8-9, the phase current goes back to zero. Since the circuit is opened in the interval 9-10, the applied voltage equals the rotational EMF. The operating principle for another half cycle is very similar and is omitted.
It should be noted that, to the best of the authors' knowledge, the use of transformer EMF to weaken the rotational EMF for obtaining the constant power operation has not been found in the literature of power electronics and drives. In order to obtain the analytical solution of (4), a piecewise continuous function is used to represent the phase current. For simplicity, the following assumptions are made: i) The phase winding resistance is negligible.
UI. MATHEMATICAL DERIVATION
ii) The induced rotational EMF is trapezoidal.
iii) The initial spatial angle of phase current is zero, (j-l)n e,----=o. m iv) The initial phase current is zero, i j (0) = 0.
Starting from the moment that TI is turned on, the phase current can be divided into six stages over the first half cycle as shown in Fig. 5. 
A. Sfuge I, [e, + -t o f t 01
This stage covers the intervals 1-2, 2-3 and 3-4. The Substituting (9) into (4) and using i j ( 0 ) = i j P 4 , it yields
i . ( o r ) = -( V -E ) ( o t -8 , --) + i j , 4
At the end of this stage, the phase current is given by 
which is equal to zero. Hence, by using (14). the duration of this stage can be found as which is so-called the lagging angle of phase current. -E)@, -p--) i .
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It covers the intervals 7-8 and 8-9, and its duration is defined as y . -(---+e,)'
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The phase current at the end of this stage is given by This stage covers the interval 9-10 and finishes at the end of the first half cycle. Since the circuit is opened, the applied voltage equals the rotational EMF while the phase current is always zero. Since i, (or +n) = -i, (or), the analytical formulae of phase current for another half cycle can readily be obtained. It should be noted that although the above derivation is 371 2m 2m
ba~ed on the typical situation that ->eo > L + p , the derivation for other situations can be obtained similarly. Fig. 6 illustrates the closed-loop control system of the motor drive, which are suitable for both the constant-torque operation and constant power operation. When the speed reference signal 0. is set, the motor staits up. According to the output of e n d e r (E), the speed feedback (SF) and position feedback (PF) produce the speed feedback signal W and position feedback signal 8 , respectively. The difference between speed reference and feedback signals is inputted into the speed regulator (SR) in which proportiooal-integral control is adopted. According to the value of speed feedback signal, the operation indicator (00 detemks which mode ofoperation is required The ndput signals h m SR and01 are combined through a multiplier (X) to generate the torque reference Z". Based on the output signal from 01, the angle generator (AG) provides the advanad condudion angle 8, which is zero during the constant toque It should be noted that the advanced conduction angle can be used as a controlled parameter for pursuing some specific performances. For example, the use of it for efficiency optimising control over the whole operating range is under investigation. In this paper, the effectiveness of using the advanced conduction angle to allow for the constant power operation is particularly focused.
N. CONTROL SYSTEM

V. RESULTS
The technical data of the motor are listed in Appendix. By using the formulae derived in Section 111, computer simulation can readily be carried out. When the motor speed is 2747 rpm and the advanced conduction angle is 2S0, the simulated phase current waveform is shown in Fig.  7 , Under the same conditions. the measured phase current waveform is shown in Fig. 8 . It can be found that t h 9 are very similar. Furthermore, a wide range speed control test is carried out up to 2.75 times the base speed in which there is no advanced angle during the constant torque operation while the advanced angle is ked at 28' during the constant power operation. As shown in Fig. 9 , the corresponding theoretical and experimental torquespeed envelopes are plotted together in which the agreement is good. VI. CONCLUSION A novel wide range speed control approach is presented. It is suitable for all PM brushless motor drives, including the PM synchronous motor drive and PM brushless DC motor drive. The approach takes definite advantages over conventional flux-weakening Control -it can be directly applied to the PM brushless DC motor drive; it can be applied to any brushless motor drives with negligible mutual inductances between phase windings; and it can be implemented without coordinate transformation. The originality of this approach is to make use of the transformer EMF in such a way that it weakens the rotational EMF when the motor operates above the base speed, leading to achieve the constant power operation. A 5-phase 22-pole phasedeaqling PM brushless DC motor drive is used for exemplification, and operates up to 2.75 times the base speed. Both computer simulation and experimental verification show that the proposcd approach works well. 
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